Since it was found that 16-crown-5 (16C5) has higher selectivity in solvent extraction of alkali metal picrates than 15-crown-5, a number of 16C5 derivatives possessing a variety of substituents have been synthesized. [1] [2] [3] The cation extraction abilities of the 16C5 derivatives have often been compared on the basis of the overall extraction constant. The overall extraction equilibrium, however, consists of several equilibria such as liquid-liquid distribution of a crown ether, formation of a crown ether-metal ion complex in water, and ion-pair extraction of the complex cation with a counter anion. Therefore, it is important to know the constituent equilibrium constants for understanding the origins of the substituent effects on the overall extraction ability. We previously studied the extraction equilibria between benzene and water of several uniand bivalent metal picrates with 16C5 4 and 15-(2,5-dioxahexyl)-15-methyl-16-crown-5 (lariat 16C5, L16C5). 5 Despite the introduction of a cation-binding side chain, the overall extraction constants decrease on going from 16C5 to L16C5; on the basis of the constituent equilibrium constants, this unexpected result was explained in terms of the higher lipophilicity of L16C5 compared with 16C5. However, the effect of each of the two substituents of L16C5 has not been clarified.
In this paper, we report on the results of a study of the extraction equilibria between benzene and water of the metal picrates with 15,15-dimethyl-16-crown-5 (DM16C5). The overall extraction constants have been determined and analyzed into the constituent equilibrium constants. The substituent effects are discussed by comparing each of the equilibrium constants with that of 16C5 or L16C5.
Experimental
DM16C5 was prepared by the method reported previously. 1 Sr(NO3)2 was a suprapur-grade reagent from Merck. All other reagents were the same as those used in the preceding studies. 4, 5 Equal volumes of a benzene solution of 9. 2+ (adjusted with nitric acid), and more than 12 for Na + and K + . The concentration of the crown ether-metal picrate complex in the benzene phase was determined with a UV spectrophotometer for Na + , K + , and Ba 2+ and with an atomic absorption spectrophotometer for Ag + , Sr 2+ , and Pb 2+ . 5 Scarcely any metal was extracted in the absence of DM16C5 or picric acid.
The distribution constant of DM16C5 between benzene and water was determined as follows. Equal volumes (12 cm 3 each) of benzene and an aqueous solution of 1.4 × (10 -4 -10 -3 ) mol dm -3 DM16C5 in a stoppered glass tube were shaken for 2 h at 25 ± 0.2˚C and centrifuged. A portion (10 cm 3 ) of the aqueous phase was transferred into another tube where dichloromethane (DCM) and an aqueous solution saturated with sodium picrate (10 cm 3 each) were placed, and the tube was shaken to completely extract DM16C5 as a DM16C5-sodium picrate 1:1:1 complex into DCM. A portion (4 cm 3 ) of the DCM phase was transferred into a beaker and evaporated to dryness. The residue was dissolved in a 0.01 mol dm -3 NaOH aqueous solution (4 cm 3 ), and the picrate concentration was determined spectrophotometrically (λmax = 356 nm, ε = 1.45 × 10 4 dm 3 mol -1 cm -1 ).
The picrate concentration was regarded as the concentration of DM16C5 that remained in the aqueous phase after the distribution between benzene and water.
The distribution constant obtained as the average of 14 measurements is shown in Table 1 .
Results and Discussion

Analysis of extraction data
When a neutral 1:1:m complex of a metal ion (M m+ ), a crown ether (L), and a picrate ion (A -) is extracted into benzene, the overall extraction constant (Kex) can be defined as follows:
The subscript "o" and the lack of a subscript denote the species in the organic and aqueous phases, respectively. The overall extraction constant can be rewritten using the distribution 
The KHA and KHAKD,HA values at 25˚C are 1.95 6 and 247, 7 respectively. The KML values of the DM16C5 complexes were determined by conductometry at 25˚C. 8 The details of the analysis of the extraction data to obtain the Kex and Kex,ip values were described earlier. 4, 5 The association of A -with M m+ and ML m+ in the aqueous phase was neglected. The distribution ratio (DM) of the metal is expressed as
A plot of log{DM for Kex,ip. For the univalent metal ions, the Kex, KML, and Kex,ip sequences are identical; however, the difference in log Kex between the metal ions is generally more dependent on the difference in log Kex,ip than on that in log KML. For the bivalent metal ions, the sequence of Kex is the same as that of Kex,ip but the reverse of that of KML. The above results indicate that the extraction selectivity of DM16C5 for the uni-and bivalent metal ions is governed by the selectivity of the ion-pair extraction of ML m+ with A -rather than by that of the formation of ML m+ in water. The same is true for 16C5 4 and L16C5. 5 
Substituent effects on extraction ability and selectivity
The Kex value always decreases on going from 16C5 to DM16C5, whereas it increases or remains unchanged from DM16C5 to L16C5; the substituent effects on log Kex are generally greater for the metal ion that is less extractable. Consequently, for any pair of the uni-or bivalent metal ions (M1 m+ and M2 m+ ), the absolute value of log{Kex(M1 m+ )/Kex(M2 m+ )} is greater for DM16C5 than for 16C5 and L16C5, except for the case of Ag + /Na + ; the superiority of DM16C5 in extraction selectivity is particularly noteworthy for Ba . It can be concluded that, among the three crown ethers, DM16C5 has the lowest extraction ability but the highest extraction selectivity for the metal ions studied.
For a given metal ion, the difference in log Kex between two crown ethers (L1 and L2) is expressed as follows:
The KD,L value is larger for DM16C5 than for 16C5 (log{KD,L (DM16C5)/KD,L(16C5)}>0); the increase in log KD,L by the replacement of a hydrogen atom of 16C5 with a methyl group (0.799) is comparable to the contribution of a CH2 group (0.60) observed for the distribution of carboxylic acids in the benzene/water system. 11 Irrespective of the metal ion, the dimethylation of 16C5 decreases the KML value (log{KML(DM16C5)/KML(16C5)}<0) and increases the Kex,ip one (log{Kex,ip(DM16C5)/Kex,ip(16C5)}>0). It can therefore be seen from Eq. (4) that the reduced extractability of all the metal ions from 16C5 to DM16C5 results from the enhanced lipophilicity of free L and the reduced stability of ML m+ in water; the contribution of the ligand lipophilicity is always greater than that of the complex-ion stability. In contrast, the replacement of a methyl group of DM16C5 with a 2,5-dioxahexyl chain decreases the KD,L value (log{KD,L(L16C5)/KD,L(DM16C5)}<0),
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ANALYTICAL SCIENCES DECEMBER 2001, VOL. 17 According to Eq. (4), the difference in log{Kex(L1)/Kex(L2)} between two metal ions is equal to the sum of the corresponding differences in log{KML(L1)/KML(L2)} and log{Kex,ip(L1)/Kex,ip(L2)}. The following discussion is based on the values when (L1, L2) = (DM16C5, 16C5) and (L16C5, DM16C5). The absolute values of log{Kex,ip(L1)/Kex,ip(L2)} for Ba 2+ are obviously larger than those for Sr 2+ , whereas the log{KML(L1)/KML(L2)} values for these ions are nearly equal. Therefore, the differences in log{Kex(L1)/Kex(L2)} between Sr 2+ and Ba 2+ are practically those in log{Kex,ip(L1)/Kex,ip(L2)}, indicating that the much greater Ba 2+ /Sr 2+ extraction selectivity of DM16C5, compared with 16C5 and L16C5, is caused by the substituent effects on the ionpair extraction. In a similar way, the remarkable enhancement of the Pb 2+ /Sr 2+ extraction selectivity from 16C5 to DM16C5 and that from L16C5 to DM16C5 are attributed largely to the substituent effect on the complex-ion formation in water and on the ion-pair extraction, respectively.
